ABSTRACT Summary: Protein Topology Graph Library (PTGL) is a database application for the representation and retrieval of protein topologies. Protein topologies are based on a graphtheoretical protein model at secondary structure level. Different views on protein topology are given by four linear notations for their characterization. Protein topologies can be derived at different description levels considering α-and β-structures. The on-line search tool is based on an object-relational database and provides a query browser for data interrogation by string patterns, keyword queries and sequence similarity. Protein topologies are represented both as schematic diagrams and as three-dimensional images.
INTRODUCTION
Protein topologies could describe the fold, the domain architecture, secondary structure arrangement, and motifs of a protein. Regular backbone structures, secondary structure elements (SSEs), are described as helices and strands, which form structural motifs by spatial arrangement.
First theoretical work on protein topologies has been considered only in β-sheet structures (Richardson, 1977; Koch et al., 1992) , or α-topologies (Grigoriev et al., 1994) . Graphtheoretical models of α-and β-structures of the protein were used for protein structure comparison at the secondary structure level (e.g. Grindley et al., 1993; Koch et al., 1996) . Our method for producing the graph representations is based on Koch (1998) , and will be described in a forthcoming paper in detail. The simplest representation of protein topology are schematic diagrams of protein folds illustrating the SSEs and their spatial neighbourhoods. Only the TOPS (Michalopoulos et al., 2004) database generates β-topology diagrams automatically and provides the possibility to search for secondary structure motifs. * To whom correspondence should be addressed.
Protein Topology Graph Library (PTGL) is motivated by the aim of providing an efficient on-line tool to search for protein topologies and to provide different topology representations according to a unique mathematical description.
THE GRAPH MODEL
We define a protein graph as a labelled undirected graph for a single protein chain of a PDB (Bernstein, 1977) entry. Vertices represent SSEs (helices h and/or strands e), and edges represent the spatial contacts between the SSEs. Vertices of the protein graph are enumerated from the N-to the C-terminus. According to this direction, two spatial neighboured SSEs could exhibit a parallel ( p), antiparallel (a) or mixed (m) neighbourhood. A protein graph consists of one or more connected components, which we call folding graphs, because they represent folding units or domains. According to the considered SSE type, we distinguish among Alpha-Beta, Alpha and Beta graphs. Folding graphs containing vertices with a degree greater than two are called bifurcated. We define for every folding graph four different linear notations: the adjacent ADJ, the reduced RED, the KEY and the sequence notation SEQ. The calculation of contacts between the SSEs is based on intersecting van der Waals volumes of the appropriate atoms.
GRAPHICAL REPRESENTATIONS
In order to explore topological aspects of SSEs in proteins it is useful to represent protein and folding graphs as two-dimensional (2D) diagrams. We provide four types of diagrams for every type of notation (Fig. 1) . In the ADJ, RED and SEQ diagrams, the SSEs are ordered according to their sequential order from the N-to C-terminus. Helices are presented as red circles and strands as black quadrates. The spatial neighbourhoods are represented as arcs between SSEs. The edges in the ADJ and RED diagrams are coloured according to their labelling, red for parallel, green for mixed and blue for antiparallel contacts. Edges in the SEQ diagrams are in black and indicate sequential neighbourhoods. In the P.May et al. KEY diagrams, SSEs are ordered according to their spatial arrangement. Helices and strands are represented by cylinders and arrows, respectively. The sequential neighbourhood is described by arcs between arrows and cylinders. All diagrams of protein and folding graphs are generated automatically as PS files that are converted into PNG files for presenting on the web. Furthermore, the topology can be represented as a 3D Rasmol (Sayle and Milner-White, 1995) picture.
DATABASE AND QUERY BROWSER
PTGL is stored locally in an object-relational PostgreSQL database running on a Linux server. Programs for export and import have been implemented in Perl and C. PTGL input data are acquired from the PDB (Bernstein, 1977) and DSSP (Kabsch and Sander, 1983) . Only proteins with more than 20 residues and more than one SSE are stored. Additional protein data are derived from the associated PDB file. PTGL comprises eight non-redundant tables. The database is updated automatically.
The on-line search tool consists of four query browsers: a simple keyword query, which searches the whole database for keywords and which can be connected by boolean operators; a more customizable query, which searches in selected fields and tables, e.g. search for subtopologies in all β graphs; a third query form for one or more PDB identifier; and a sequence search based on a locally BLAST (Altschul et al., 1990) search against the PDB sequences stored in the PTGL main table. The BLAST outputs will be available for three days by a certain request-id. We have incorporated the ability to select a subset of homologous protein structures. The clustering is done according to the weekly re-generated PDB cluster tables based on the cd-hit algorithm (Li et al., 2001) . The query result browser provides selection possibilities for single protein chains or all proteins, for the graph type and the notation type of folding graphs.
Protein Topology Graph Library
In the topology browser for every selected PDB chain, the topology diagrams for the protein graph and all folding graphs consisting of more than one SSE are presented together with a table of all SSEs (Fig. 1) . The graph and the SSE information is available in ASCII format.
RESULTS AND CONCLUSIONS
PTGL is an on-line database tool for the retrieval and search for specific protein topologies using four linear notations, which are based on a unique graph-theoretical description of protein topology. Furthermore, it can be searched for sequence similarity in SSEs in certain topologies. Protein topologies are represented graphically in four different types of schematic diagrams and as 3D images. The database can be used for any kind of theoretical protein structure analysis, protein structure prediction and protein function prediction.
